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 Temporally and spectrally resolved optical depth measurements were made in post-
detonation fireballs from five different high explosives. PETN, HMX-based PBXN-5, RDX, an 
80% RDX/20% aluminum mixture, and PETN-based Primasheet 1000 explosives were detonated 
in a 2.18L explosive test chamber. Charges were 125mg or 250mg explosive output pellets, each 
detonated by an 80mg low density PETN initiating charge. The charge configurations were based 
on a modified RP-80 exploding bridgewire (EBW) detonator, which is manufactured by Teledyne 
RISI. Five laser wavelengths were studied which cover the visible through long-wave infrared 
region of the spectrum. These 405nm, 532nm, 650nm, 1310nm and 9600nm lasers were used to 
probe the post-detonation fireballs for the first 5ms after initiation. 
 The two charge masses were studied to understand how optical depth scales with charge 
mass for the same confinement volume. Data for the optical depth and wavelength and explosive 
composition are presented and discussed. The spectral dependence on optical depth scaled 
approximately as 𝜆𝜆−1, which departed from the expected 𝜆𝜆−4 dependence from light scattering 
alone. This result suggests that there is significant broadband absorption of light, in addition to 
scattering, through the explosive fireball.  
 The results of this study have important implications in the interpretation of optical data 
collected during explosive events, as well as in the design of future experiments. The penetration 
depth of light through an optically dense fireball scales with wavelength and is dependent on the 
explosive used. It can be concluded from the data presented herein what portion of the fireball one 
is measuring in emission for a given high explosive, wavelength, and also how that portion changes 
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CHAPTER 1: INTRODUCTION 
 
Optical diagnostics are some of the most powerful tools available in the combustion field. 
Direct measurement of chemical and thermodynamic properties in a flow can be achieved with the 
appropriate selection and application of an optical diagnostic, or combination of diagnostics. 
Optical diagnostics are typically chosen over conventional tools, such as thermocouples, mass 
spectrometers and pressure gauges, because of their intrinsically non-invasive nature, and far 
superior response rates, which can be applied at a multitude of size scales. In the explosives field, 
the sub-microsecond time scales, high temperatures and pressures present significant challenges 
for researchers to overcome.  Employing optical diagnostics mitigates some of the challenges, 
although, there are still difficulties in utilizing optical diagnostics and interpreting data.  
Fireballs following high explosive detonations tend to be extremely optically dense, which 
impacts both emission and absorption measurements. Light emitted from the interior of an 
optically dense fireball can be scattered and absorbed as it passes through the fireball, which biases 
the spectral emission to the outer portion of the fireball. In absorption measurements optically 
dense fireballs tend to broaden spectral features and complicate the interpretation of data. For path 
lengths of just a few centimeters, light from bright incoherent sources can be attenuated by 99%, 
which at the detector can be lower than the inherent brightness from the fireball. Often, the counts 
on the detector can be lower than required to produce a sensitive and quantitative absorption 
measurement. Coherent light sources are often better suited for absorption measurements through 
optically thick media due to the highly directional nature of the emission as well as the ability to 
achieve high power densities readily.  
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1.1: Motivation and Background 
 Understanding how much light is absorbed, scattered, or otherwise attenuated through a 
medium is a critical piece in the interpretation of optical data. For measurements that focus on 
emission from a luminous event, such as pyrometry and emission spectroscopy, optical depth 
effects can limit the spatial interpretation of data. It is well documented that the wavelength 
dependence on emission is dependent on optical depth, with optically dense media emitting as a 
greybody (or having no spectral dependence on emission) while an optically thin medium may 
have substantial spectral dependence of the emissivity. This impact increases uncertainty in 
temperature measurements from pyrometry signals. Figure 1 contrasts the spatial distribution of 
light emitted from a fireball along the line-of-sight to an arbitrary optical collection system. One 
notices that light emitted from optically thick fireballs has a spatial dependence on light emission 
towards the collection device, whereas optically thin fireballs have a nearly uniform distribution. 
 




 Optical depth is very commonly discussed in the field of astronomy. Specifically, optical 
depth causes a phenomenon known as “limb darkening”, which is when the outer edges of a star 
appear darker than the more central surfaces [1]. This is a direct optical depth effect, as light 
emitted towards the observer must travel through a longer region of high optical density relative 
to light emitted by the centroid of the body. Longer wavelengths pass through the optically thick 
medium more readily, therefore the edges of stars often appear dark red, whereas the body of the 
stars appears more yellow. See, for example, Figure 2.  
 
Figure 2: Visible wavelength image of the Sun and an illustration of optical depth causing limb 
darkening. Solar image taken from [2].  
The darkening of the edges of the sun, and the red hue are both due to optical depth. Light is 
absorbed and scattered as it passes through the dense solar medium, darkening the edges of the 
sun. The spectral dependence on optical depth is illustrated by the red hue, indicating that 
scattering is wavelength dependent, and longer wavelengths are less impacted by scattering. The 
illustration depicts rings of optical density, showing that light emitted towards the observer 
tangentially through a region of high optical density will be attenuated more than light emitted 
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from the center of the body, since the path through the medium is shortest as it passes normal to 
the rings. 
 This effect shown in stars is not dissimilar to the spatial optical depth effects shown in 
explosive fireballs. Figure 3, for example, shows qualitatively the spatial variation in light 
emission from an explosive fireball taken in our laboratory [3]. The darker regions are less 
luminous, presumably of lower temperature, and local stoichiometry are affecting the products 
generated from the oxidation of the detonation products. As the fireball grows, the turbulence of 
the fireball creates regions which emit at different intensities due to local conditions. From the 
image, the spatial variation of light intensity is clearly seen. This variation highlights that small 
field-of-view measurements of large fireballs obtain information that is not representative of the 
entire fireball, and local conditions should not be extrapolated to the entire fireball volume without 
further supporting data.  
 
Figure 3: Breakout of a 100g spherical PBXN-5 charge [3]. 
 Condensed phase combustion products (e.g. soot) tend to attenuate light as it passes 
through the post-detonation fireball. The suppression of light intensity as it traverses a participating 
medium is quantified by the overall extinction, which is the sum of the scattered fraction of light 
and the absorbed fraction of light. Gas phase products from the fireball combustion will tend to 
absorb incident light nearly continuously across the electromagnetic spectrum, as polycyclic 
aromatic hydrocarbons and other polyatomic combustion products are produced. These products 
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will also interact via light scattering, often in the Rayleigh limit of small particle scattering. 
Condensed phase products, e.g. soot, tend to both absorb and scatter incident radiation, as well.  
Figure 4 offers a simplified view of light interacting with small particles. Forward 
scattering is shown on the left, and absorption on the right. Figure 5 shows the impact of these 
processes in aggregate, attenuating the light beam as it travels through the participating medium. 
Finally, Figure 6 shows the actual post-test chamber with laser light being made visible due to 
interaction with soot and other combustion products. 
 
Figure 4: Simple illustration of light scattering (left) and absorption (right) by small particles. 
  
Figure 5: Light interacting with a participating medium. Only a fraction of the initial beam 




Figure 6: Laser beams in post-test chamber made visible by scattering. 
 The Beer-Lambert law describes the extinction of light through a participating medium. 
Hanson defines the extinction as [4]:  




Where 𝜅𝜅𝜈𝜈 is the spectral absorption coefficient, 𝐿𝐿 is the pathlength through the participating 
medium, and their product 𝜅𝜅𝜈𝜈𝐿𝐿 is the optical depth. Optical depth is a measure of the optical 
opacity of a medium and is a measure of how much light is absorbed and scattered within the 
medium. Media with small optical depth attenuate more light than media with large optical depth. 
The “depth” is the depth through a medium with which light can freely traverse. So, it is often 
convenient for comparison purposes to cast optical depth in terms of attenuation length, which has 
units of length (cm). This length is the path length through a participating medium for which 1/e, 
or approximately 37%, of the original light intensity makes it through. Figure 7 illustrates the 
attenuation length through a participating medium as the length at which the intensity equals 37% 




Figure 7: Illustration of attenuation length in a participating medium. 
Hence it follows that:  





(3) 𝜅𝜅𝜈𝜈𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 =  − ln �
1
𝑒𝑒








If the optical depth is smaller than unity, the optically thin approximation is likely valid for the 
medium. Furthermore, fireball diameters much smaller than the attenuation length can also likely 
be considered optically thin. However, it remains to be shown under what conditions and spectral 
ranges this is the case. 
1.2: Explosive Fireball Phenomenology 
 In order to interpret the optical depth information of a high explosive fireball, an 
understanding of the combustion mechanisms of the fireballs is very helpful. Gilbert, in his 1994 
dissertation [5] presents a clear description of the different phases of high explosive combustion. 
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He divides the overall process into three distinct stages. Stage I is the detonation of the high 
explosive, in which the detonation products are considered to be produced in microseconds, nearly 
instantaneously with respect to the timescales of Stage II and Stage III combustion. Stage II is the 
post-detonation fireball, whereby the detonation products are oxidized with ambient oxygen and 
pyrolyzed in a long-lived combustion cloud. Stage III is marked by the decrease in visible fireball 
luminosity (although it does continue to radiate until it equilibrates with its surroundings) and the 
halt of fireball growth. Figure 8 illustrates the three stages of high explosive combustion. In Stage 
I, the detonation wave propagates through the explosive supersonically. Stage II shows the 
luminous fireball expanding and radiating strongly. Stage III depicts a fully-grown fireball (not to 
scale) which is cooling, and visible radiation is less intense as the reactions complete over time 
[5].  
 
Figure 8: Visual representation of the 3 Stages of high explosive combustion, as defined by 
Gilbert. 
 The measurements in this research focuses on Stages II and III. For the explosive mass 
studied here, these stages occur up to approximately 2-3ms after initiation, though can be 100s of 
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milliseconds to seconds for large explosive charges. Though, in an unconfined explosion, Stages 
II and III can persist longer as the fireball is allowed to expand freely and entrain more ambient 
oxygen from the surroundings.  
1.3: Previous Work 
 Optical depth has been discussed in many studies on explosive and non-explosive 
combustion systems. This section will survey selected papers discussing optical depth in a range 
of systems. It is not meant to be exhaustive, but rather be comprehensive enough to provide the 
reader with background to the work presented in this thesis. 
 Cashdollar completed seminal work in the area of pyrometry. They applied a three-
wavelength pyrometer to measure condensed-phase species temperature in coal dust explosions 
[6]. In the work, they suggest that transmission and emission spectroscopy are typically limited to 
optically thin dust flames, and for optically thick flames pyrometry offers some benefit to 
determine flame temperatures. In optically thick flames, although single particle emissivity can 
vary with wavelength and temperature, the thick cloud of particles produces an effective emissivity 
close to 1. Therefore, optically thick fireballs can be measured and broadband emitted spectral 
distributions can be fit to a Planck radiation curve for reasonably accurate temperature 
measurements, although the condensed and gaseous phase temperatures might not be equivalent.  
 Kalman et al. and Lynch et al. studied the optical depth effects on alumina spectral 
emissivity using a heterogeneous shock tube [7], [8]. Lynch found that micron-sized alumina 
clouds emit as greybodies at combustion temperatures, and that optical depth drives spectral 
emissivity towards grey dependencies as scattering and absorption make the medium resemble an 
isothermal cavity [8].  Lynch also found that nano-alumina clouds presented larger optical depth 
over micro-alumina and that error in temperature measurement decreased with optical depth [8]. 
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Kalman et al. also showed that the spectral dependence of emissivity decreased as optical depth 
increased past the optically thin limit for micro-alumina [7]. Nano-alumina clouds were found to 
have more spectral dependence on emissivity for the optical depths tested, and correlated with 
particle sizes within the Rayleigh limit, despite theory being mostly applicable for optically thin 
clouds [7]. 
 Molina, Schefer and Houf investigated the radiative fraction and the effect of optical depth 
in large-scale hydrogen-jet fires [9]. The main finding of the study was that the radiative fraction 
of large-scale jet flames was smaller than predicted by correlations from laboratory-scale flames 
[9]. As the flame size increased from laboratory-scale to the scale in their experiment, the optical 
thickness of the flame increased, causing a decrease in radiative fraction [9]. The correlations 
drawn from laboratory-scale systems present only an upper bound for radiative fraction emitted 
by large-scale flames. 
 Hall and Bonczyk employed emission-absorption tomography to measure the temperature 
of a sooting ethylene flame [10]. Due to modest optical depth, slightly beyond the optically thin 
limit, the authors applied a correction to account for species self-absorption, though they suggest 
that their flames were close enough to optically thin that their corrections likely had little effect in 
the reconstruction of synthetic spectra [10]. Inversions of their synthetic projections gave reason 
to extend the technique to moderately optically thick media, provided they were still axisymmetric 
[10]. 
 Soo et al. conducted simultaneous emission and laser absorption spectroscopy on flat 
aluminum flame suspensions [11]. The aluminum lines in both emission and absorption showed 
large optical depths in aluminum-air flames. Self-reversal of the aluminum lines studied showed 
not only large temperature gradients in the flame but also large optical depths [11]. The authors 
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drew conclusions about the flame-mode of the aluminum flames due to the optical density of the 
flames, suggesting that the aluminum was burning in a diffusion-limited flame due to very high 
concentrations of aluminum vapor near the droplets [11]. Conversely, the aluminum-methane-air 
flame studied showed no self-reversal, indicating low optical depth and temperature gradients, 
pointing to kinetically-limited combustion with lower concentrations of aluminum vapor [11]. 
 Kevin Gross’ Ph.D. dissertation provided very detailed treatment of optical depth in their 
experiments and modeling efforts. They noted that, in some explosive fireballs, the spectral 
emission from the fireballs appeared like that of a blackbody, and attributed this highly Planckian 
distribution to the optical depth [12]. They also discuss the spatial variation of optical depth for a 
homogenous spherical fireball, describing how the optical depth is larger through the center and 
will decrease with distance from the center. This effect decreases the apparent intensity on the 
outside edges of the fireball compared to the center, which is an analogous phenomenon to the 
limb darkening discussed earlier. A main conclusion in their work with regard to optical depth is 
that the average optical depth is dominated by continuum absorption, and the observed temporal 
decay in observed optical depth is likely due to soot oxidation. Arrhenius soot oxidation rates were 
mostly consistent with the temporal decay in optical depth [12].  
 Carney, Wilkinson and Lightstone made time-resolved absorption measurements of 
detonation and combustion products from PETN and aluminized PETN explosive charges [13]. 
The authors specifically selected PETN as their explosive due to the optical clarity of the fireball 
and detonation products relative to other explosives. They measured real-time aluminum species 
behind the blast wave, though no specific comments were made regarding the impact of optical 
depth on the collected absorption spectra [13]. Shadowgraphs of the combustion products showed 
the relative difference in optical density between the aluminized and neat PETN products. 
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 W. K. Lewis and C. G. Rumchik measured apparent temperatures from post-detonation 
fireballs with atomic emission spectroscopy [14]. They introduced barium nitrate as a 
thermometric impurity in RDX charges. Barium nitrate was selected because only small 
concentrations are needed, which limits self-absorption, and barium has many visible wavelength 
transitions that originate from different upper states, allowing for the calculation of population 
distributions. One limitation of their data interpretation was that no optical depth information was 
known about the fireball. This initial study was a demonstration of the technique, and a follow-up 
study was completed.  
 Lewis, Rumchik and Smith studied the emission spectra from the outside and inside of 
RDX post-detonation fireballs [15]. The large optical density of the fireballs were exploited to 
study the interior of the fireballs, and emission from outside of an optically thick fireball is only 
representative of the material near the edge of the fireball. Two optical fibers, one positioned 
beyond the flame front, and one outside the fireball, captured the emission from 20g aluminized 
RDX explosive charges. They found that for early time evolution, the outer layer of the fireball is 
where most of the light and combustion occurs, and the inside of the fireball is mostly dark. 
However, after several volume expansions are allowed to occur, combustion and emission are 
found throughout the fireball, and therefore the fireball composition and dynamics are mostly 
consistent throughout the fireball [15]. 
 Glumac used a modeless broadband dye laser to conduct absorption spectroscopic 
measurements of optically dense explosive fireballs from aluminum/boric oxide nanothermite 
explosive [16]. Absorption measurements of optically dense fireballs provides line-of-sight 
averaged information of the inside of the fireball [16], in addition to the outside, and have been 
reported to be different chemically at early time [15]. They reported that the transmission of a 
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630nm diode laser drops to nearly 20% for the first few milliseconds, when most of the critical 
reactions take place. They note that for fireballs of 21cm in diameter, assuming a 2cm attenuation 
length, 99.997% is possible, and hence the power from the dye laser was suitable for probing of 
fireballs from explosive charges of a few grams [16]. They further suggest that explosives with 
higher transparency could be probed for even larger charges, naming PETN as a candidate. 
 Soo and Glumac used the second harmonic from the same dye laser to probe optically 
dense fireballs from metal-fluorocarbon powders as well as aluminum bridgewires [17]. In their 
study, single-shot absorption measurements were made in the ultraviolet by frequency doubling a 
dye beam with a BBO crystal. Aluminum absorption lines appeared extremely broadened from the 
optical density of the vapor cloud from bridgewire explosion. The aluminum fluoride spectra were 
also heavily broadened by optical depth, and the authors noted that, since the optically thick signal 
decays rapidly, obtaining an optically thin spectrum was difficult [17]. They found that averaging 
aluminum bridgewire explosions could help converge on an optically thin spectrum. Similarly to 
Glumac, Soo estimated that their technique for dye laser absorption spectroscopy in optically thick 
fireballs can be scaled up to 20cm path lengths for the attainable pulse energies [17]. 
 Johnson, Clemenson and Glumac achieved highly spectrally, spatially and temporally-
resolved emission spectra of the detonation interaction between reactive and energetic materials 
[18]. PBXN-9 pellets initiated reactive material discs of aluminum/PTFE, magnesium 
silicide/PTFE and titanium/boron. Optically thin assumptions were used to calculate temperature 
fits to the emission spectra. The authors note that if the medium is not optically thin, temperature 
calculation requires one to make assumptions about the line-of-sight distributions of temperature 
and chemical species [18]. Furthermore, since light emission comes from upper state species which 
are only a small fraction of the population, and may not be in thermal equilibrium with the ground 
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state population, electronic temperatures may not be representative of rotational or translational 
temperatures [18]. Assumptions about the medium studied are required to extract any quantitative 
information from emission spectra, the namely optically thin assumption. 
 Glumac et al. provided a detailed description of optical depth and the impacts it presents 
in optical measurement of energetic materials [19]. They report that optical depth affect broadband 
and resonant wavelengths, alike. Self-absorption effects make the optically thin approximation 
invalid for high-number density intermediate species at early times in explosive fireballs [19]. 
They express the difficulty in fitting optically thick spectra to temperature, particularly at low to 
moderate instrument resolution. In spectral emission measurements, the optical depth limits the 
penetration of the measurement through the fireball surface and affects the emissivity of the fireball 
[19].  
The present work is a partial continuation of work performed by Jennifer Peuker, a previous 
member of Dr. Glumac’s research group, which was published in 2009 [20]. In their work, spatially 
and temporally resolved optical depth measurements were made with 532nm laser light in fireballs 
from aluminized high explosives. Specifically, that explosive system was a modified RP-2 
exploding bridgewire (EBW) detonator from Teledyne RISI. The 32mg PETN booster ignited an 
18mg 80% RDX/20% PETN pellet, for a total of 50mg of reactive material. That study focused on 
the very early time dynamics of optical depth in explosive fireballs, only tracking the first 200𝜇𝜇𝜇𝜇 
or so.  
 Peuker attempted to quantify the spatial variation of optical depth through the fireballs in 
two ways. First, she used a series of beam splitters and mirrors to create a laser beam matrix and 
monitored the changes in intensity of those beams on a Phantom V7.0 high-speed camera [See 
Figure 9]. This achieved 2-dimensional resolution of optical depth measurements, giving a spatial 
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distribution around the fireball. Second, they used a cylindrical lens to produce a beam sheet to 
probe the fireball centerline and monitor 1-dimensional optical depth information from the fireball 
[See Figure 10]. A high-speed framing camera was used to achieve high temporal resolution.  
 
Figure 9: Laser grid setup performed by Peuker et al.[20] 
 
Figure 10: Beam sheet setup performed by Peuker et al.[20] 
 Peuker reported that optical depth peaks very early, with attenuation lengths on the order 
of a centimeter, which then increases after approximately 160𝜇𝜇𝜇𝜇. Yet, during much of the luminous 
event, optical depth was still on the order of centimeters. The results of that study directly show 
that the measurements made on explosive fireballs only sample the outer few centimeters. 
Therefore, the measurements are representative of surface conditions only, and not the properties 
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of the total volume. For the charge scale explored in Peuker et al., the attenuation length was 
already on the order of the fireball diameter, indicating that moving to gram-scale or larger 
explosive charges will sample increasingly small fractions of the fireball surface [20]. 
 The foundational work completed by Peuker et al. fell short of fully investigating optical 
depth in high explosive fireballs. Effects of explosive type, probe wavelength, and charge scaling 
were not considered. Light scattering has a well-documented spectral dependence, and hence 
optical depth is presumed to be wavelength dependent. Fireball chemistry affects the amount and 
composition of condensed and gas phase species produced, so the high explosive composition is 
also presumed to have an impact. The size of explosive charge studied in their work was much 
smaller than conventional explosive systems, even for detonator-scale experiments, so 
understanding how optical depth scales with charge mass is a critical extension.  
1.4: Project Aims 
This research project aims to: 
1. Understand the effect the explosive type has on the optical depth during post-detonation 
fireballs. 
Since the explosive determines the species and concentrations present in the post-
detonation gases that the fireball, the amount of condensed and gaseous phase species will 
not be consistent between high explosives compositions. Now, we want data to be as 
widely applicable to the explosives community as possible, and therefore we studied five 
high explosive compositions: neat PETN, RDX, an aluminized mixture of 80% RDX/20% 
aluminum, an HMX-based polymer-bonded explosive, PBXN-5, and a PETN-based plastic 
explosive, Primasheet 1000. These explosive formulations are common research and 
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defense explosive formulations. PBXN-5 is a component in many naval shells and other 
ordinance. RDX is widely used in military applications because it is energetically more 
explosive than TNT. It is the explosive compound in the popular C-4 plastic explosive. 
PETN is widely studied and is used in many defense applications, namely it is the main 
explosive component in Semtex. We added the aluminized RDX mixture to build upon the 
results of Peuker et al. and use them as a verification of our methods. Reactive material 
additives have been subject of study in recent years to enhance the energetic output of the 
charge and increase blast overpressure. 
2. Discover the wavelength dependence on light attenuation through post-detonation high 
explosive fireballs. 
It is well known that light scattering is wavelength dependent, with a 𝜆𝜆−4 relationship 
within the Rayleigh regime of small particle diameters compared to wavelength. 
Nevertheless, many studies of extinction through combustion systems have shown a 
decreased spectral dependence on extinction. Most commonly, condensed phase material 
in the flows absorbs light in addition to scattering it. Numerous studies have investigated 
the optical properties of soot from simplified combustion systems, while only a handful 
have looked at soot produced from detonations. The soot formed in detonations is unique 
and quite different from regular soot in terms of chemical makeup and physical 
morphology, and therefore the optical properties from conventional flame soot can likely 
not be applied to soot in detonations since the scattering and absorption have been shown 
to be dependent on these properties of soot [21], [22]. In fact, soot produced from different 
explosives and ambient environments changes the chemical composition and physical 
morphology of soot, which will change the optical properties [23]. Additionally, 
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researchers are interested in applying optical diagnostics across the ultraviolet to long-wave 
infrared region of the electromagnetic spectrum, and hence the understanding of how 
optical depth scales with wavelength is necessary. 
3. Apply fireball scaling to extend the results to arbitrary charge sizes. 
One of the admitted shortcomings of Peuker et al.’s foundational study into optical depth 
was that the charge size was relatively small, and the results were not necessarily consistent 
for larger charges. In the present work we considered fireball blast scaling as it applies to 
the optical depth changes for larger charges. The charge sizes studied in this research are 
also on the small end of explosive testing, but with blast scaling can be extrapolated to 
larger explosive charges. It is important to note that the optical depth in chambered 
detonations will be different from unconfined explosions since the product gases can 
expand fully, and in doing so become optically thinner. Nevertheless, during the fireball 
growth period in Stage II of combustion, the optical depth is expected to be consistent 
between confined and unconfined explosions, since the chamber has not had any influence 
on the fireball. The attenuation lengths presented will be mostly consistent for larger 
explosions. The fireball diameter will become much larger than the attenuation length, 
meaning the measurement occurs on increasingly small outer portions of the fireball 
surface. It is of utility for researchers to know a priori what portion of the fireball they are 




CHAPTER 2: EXPERIMENTAL METHOD 
 
2.1: Overview 
 Explosive charges were detonated in a custom-built 2.18L explosive testing chamber [See 
Figure 24]. Windows are installed on four sides to enable optical access on two axes. Quartz 
windows on one axis provide access for the visible (405nm, 532nm and 650nm) and near-infrared 
(1310nm) lasers as well as imaging. Zinc selenide windows (AR coated at 8-12𝜇𝜇𝜇𝜇) on the other 
axis enable long-wave infrared transmission of the 9600nm laser light. Fast photodiodes detected 
the visible and near-infrared lasers, and a mercury-cadmium-telluride DC-coupled detector 
monitored the long-wave infrared laser source. The spectral transmission of each window is shown 
in Figure 11 and Figure 12. Transmission was measured by dividing the voltage on the detectors 
during the tests by the pre-trigger voltages.  
 




Figure 12: Spectral transmission of quartz from Thorlabs.[25] 
 The complete experimental setup is shown in Figure 13. As shown below, the visible and 
near-infrared lasers pass through the chamber perpendicularly to the long-wave infrared laser. 
Gold mirrors direct the long-wave infrared laser through the chamber and into the IR 
monochromator. The mercury-cadmium-telluride infrared detector is mounted after the output slit 
of the monochromator. The visible and near-infrared lasers are each mounted on kinematic optic 




Figure 13: Schematic of experimental setup. 
 




Figure 15: Image of chamber and other setup components. 
2.2: Laser Sources 
 The 405nm, 532nm, and 650nm visible wavelength lasers were standard continuous-wave 
diode laser pointers. The specified laser power was <5mW and the wavelength tolerance was +/- 
10nm center wavelength. Near-infrared laser light was provided by a 5mW [26] (see also Table 1) 
tunable diode laser manufactured by QPhotonics (QDFBLD-1300-5). The output from the diode 
was a FC/PC collimated fiber optic. Specifications for the diode laser are listed in Table 1. 





Table 1: 1310nm diode laser specifications adapted from [26]. 
Parameter Symbol Min Typ Max Unit 
Optical power from pigtail Pf   5 10  mW 
Wavelength lc 1300 1305 1315 nm 
Wavelength v/s temperature 
coefficient dl/dT   0.1   nm/
oC 
Spectral linewidth (FWHM) Dl     0.01 nm 
Forward current If   60 80  mA 
Threshold current Ith   16 20 mA 
Forward voltage Vf   1.3 1.5 V 
Rise time in pulse mode tr     0.5 ns 
Monitor current @ VrPD=5V Im 0.07     mA 
Storage temperature Tstg -40   70 oC 
Operating case temperature Tc 0   60 oC 
Lead soldering temperature @ 10s -     260 oC 
 
 
Figure 16: Butterfly mount laser diode on Thorlabs CLD1015 laser diode driver. 
 Long-wave infrared light was supplied by a 40W carbon dioxide laser. Approximately 1% 
of the total output power from the laser was sampled and monitored. This small portion was 
reflected off of the front surface of a zinc selenide window at a slight angle of incidence. The beam 
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was sent through a custom infrared monochromator and was set to monitor the P-branch of the 
𝐶𝐶𝑂𝑂2 bend near 9600nm. A typical output spectrum from 𝐶𝐶𝑂𝑂2 lasers is shown in Figure 17.  
 
Figure 17: Simulated output spectrum from a CO2 laser with the monitored band selection 
highlighted in red. Simulation produced with SpectraPlot.[27] 
Table 2: Properties of the lasers employed in the study. 
Laser Wavelength 
(nm) 




405 12.71 3 
532 12.73 3 
650 12.72 4 
1310 12.70 2 
9600 13.29 5 
 
2.3: Detectors 
 To monitor the laser power of the visible wavelength lasers, three ThorLabs silicon biased 
photodiodes (DET36A) were fitted with 1in focal length lenses and filters to spectrally block the 
radiation from the fireball. Color filters were used for the visible wavelength detectors, and were 
manufactured by Roscolux (#59 for 405nm, #388 for 532nm, and #19 for 650nm lasers). Their 
spectral transmission are plotted in Figure 18, Figure 19, and Figure 20, respectively. An 
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interference filter was used for the near-infrared detector with center wavelength of 1310nm and a 
full-width at half maximum (FWHM) of 10nm. The lenses reduced the effects of beam steering as 
the fireball moved through the laser beams.  
 
Figure 18: Roscolux #59 spectral transmission from rosco.com.[28] 
 




Figure 20: Roscolux #19 spectral transmission from rosco.com.[28] 
 The long-wave infrared detector was a mercury-cadmium-telluride (HgCdTe) DC-coupled 
detector (Vigo VS3 PVM-10.6-1x1). The detector, housing and amplifier are shown in Figure 21. 
The spectral responsivity of HgCdTe chip is shown as the blue curve in Figure 22.  
 




Figure 22: Spectral responsivity of the HgCdTe chip in the LWIR detector.[30] 
 
2.4: Explosive Blast Chamber 
The explosive blast chamber used in this study is a custom-built aluminum chamber with 
2.18L internal volume. An electrical feedthrough has a high-voltage rated twin lead wire which 
connects directly to the charge from the fireset. Windows on all four vertical sides of the chamber 
allow for optical access during the explosion. The charge sits in a steel anvil which directs the 
fireball upward and protects the chamber from any fragmentation from the charge. Swagelok gas 
ports on the chamber lid allow for evacuation of the chamber gas and the testing in different 
gaseous environments. A top-down view of the chamber is shown in Figure 23. The zinc selenide 
windows are visible on the left and right, and the quartz windows are on the top and bottom of the 
image. The steel anvil and collar are in the center of the chamber. Wago clips attach the wire leads 




Figure 23: Custom-built high explosive blast chamber. 
 A cutaway CAD drawing is shown in Figure 24. The explosive output pellet is not shown 
but sits on top of the low-density PETN pellet shown within the brass sleeve. The beams intersect 
approximately 7.5cm above the charge surface directly above the charge in the center of the 
chamber. A Swagelok gas port is visible at the top of the chamber. The vertical arrangement of the 
side ZnSe windows allows for interrogation of different spots above the charge surface, but for the 
experiments detailed herein only the bottom window was used. One can easily change out the 1in 
windows for other materials, allowing the monitoring of different spectral regimes for other 




Figure 24: Cutaway CAD view of the explosive test chamber. 
 
2.5: High Explosive Charge Configurations 
 As mentioned, the explosive charges were a modified RP-80 EBW detonator, with different 
high explosive output pellets added. For the 250mg output charges, two 125mg pellets were 
stacked and bonded with a thin layer of cyanoacrylate. The five high explosives used were PETN, 
RDX, PBXN-5, Primasheet 1000 and an aluminized RDX (80%RDX/20%Al). A schematic of the 
charge is seen in Figure 25. A brass sleeve surrounds the low-density 80mg PETN initiating pellet 
and 125mg output pellet. For the 250mg charges, an additional 125mg pellet was stacked on top 
and protruded above the brass sleeve. Explosive type was varied to understand the effect explosive 
type has on the optical properties of the fireball. The amount of condensed phase species in the 
fireball is dependent on the combustion chemistry, and hence the oxygen balance of the explosive 
will be important. The explosive formulations and their oxygen balances are shown in Table 3. 
The choice of explosives was made to cover a range of commonly studied explosives, as well as 
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to show what the effect of plasticizer/binder is on the optical properties of the fireball. The 
aluminized mixture served as a comparison to the previous work done by Peuker. 
 
Figure 25: Schematic of the charge used in experiments. 
Table 3: High explosive formulations and their oxygen balances used in the study.[31] 




PETN 𝐶𝐶5𝐻𝐻8𝑁𝑁4𝑂𝑂12 -10.12% 
PBXN-5 (95% HMX) 𝐶𝐶4𝐻𝐻8𝑁𝑁8𝑂𝑂8 -21.61% 
RDX 𝐶𝐶3𝐻𝐻6𝑁𝑁6𝑂𝑂6 -21.61% 










2.6: Data Collection and Analysis 
Data collection was done using a digital oscilloscope for which all detector outputs were 
traced. Two PicoScope model 4424, each with four channels, were connected to the detectors by 
BNC cables. Variable resistance BNC feed-through terminating resistors (ThorLabs VT1/VT2) set 
to 50𝑘𝑘Ω were placed at the PicoScope inputs to maintain sufficient signal while also ensuring sharp 
temporal response. An example PicoScope 4424 and feed-through BNC resistor is shown in Figure 




Figure 26: PicoScope model 4424, four channels.[32] 
 
Figure 27: ThorLabs VT2 variable resistance BNC feed-through terminator.[33] 
 The output from the detectors is a voltage which is traced over time on the PicoScope. 
Initial voltage on each detector pre-trigger is set to 𝐼𝐼0, and 𝐼𝐼 is the voltage on the detector during 
the explosive test. Transmission is simply calculated by taking 𝐼𝐼/𝐼𝐼0. Optical depth and attenuation 
length were calculated according to (2) and (3). 
The path length was needed to be corrected since the fireball volume is not the full path 
length through the chamber at early times. Using the path length for each laser for calculations of 
attenuation length, particularly at early times in the fireball growth, will yield artificially large 
attenuation lengths since the fireball diameter is sufficiently smaller than the path length through 
the chamber. Therefore, a fireball growth model was employed to provide a best estimate of the 
diameter of the fireball during early times. The fireball diameter was calculated by taking the initial 
fireball diameter at 25𝜇𝜇𝜇𝜇, as determined by high speed imaging, and applying a linear growth factor 
up until the fireball was estimated to have grown to the full chamber volume. This was done by 
taking the estimated fireball volume at 25𝜇𝜇𝜇𝜇 (approximately first light above the detonator anvil), 
as seen from high speed imaging, and applying a linear fit to the final volume (i.e. the chamber 
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volume) at 2ms for the 125mg charges and 3ms for the 250mg charges. Linear fireball volume 
growth has been shown in many combustion systems and was deemed appropriate for this 
application, at least to first order accuracy [5], [34], [35]. The slope of the fireball volume growth 
rate was determined from these two points. To find the diameter of the fireball within this time, 
the radius was solved for from the basic volume of the sphere equation, and doubled to obtain a 
diameter. After the fireball was estimated to have reached the diameter of the chamber, 
approximately 2-3ms after initiation, the full path length through the chamber was used.  
 A digital low-pass filter was designed in Matlab to block out high frequency noise above 
100kHz. This filter was applied to all signal traces before any further treatment of the data. 
Following the low-pass filter, a 50𝜇𝜇𝜇𝜇 moving average filter was applied to all data traces to smooth 
the data and enable it to be presented in a cogent manner.  
2.7: Experimental Timing and Equipment Triggering 
Equipment triggering was achieved by employing a digital delay pulse generator. A 9200 
series Quantum Composers Sapphire digital pulse generator sent TTL signals to both PicoScopes, 




Figure 28: Triggering diagram for equipment. 
 When firing the system, the fireset is charged to approximately 4kV while the arm button 
is pressed and held for 4s. Once the appropriate voltage has been achieved, the system is 
simultaneously triggered and fired by pressing the run/stop button on the Quantum Composers 
Sapphire pulse generator. The pulse generator sends four TTL signals according to the diagram in 
Figure 28.  
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CHAPTER 3: RESULTS AND DISCUSSION 
 
Laser intensity as a function of time was tracked for each wavelength on the respective 
detectors. From the changes in light intensity incident on the detectors during the explosive event, 
the attenuation length was calculated. Laser light transmission was calculated by taking a 1ms 
average of the pre-trigger laser intensity on the detectors (𝐼𝐼0) and dividing the laser intensity during 
the test (𝐼𝐼) by this baseline. Inherent fireball luminosity has been shown to be an obstacle in 
absorption measurements in the past [16], and efforts were made in this experiment to reduce the 
fireball brightness on the detectors. First, filters were used to help spectrally isolate light at the 
detector, which will reduce overall light on the detectors and also isolate the laser light. Second, 
the detectors were placed as far away from the chamber as possible, over 1.5m from the explosive 
blast chamber, which is a strong deterrent against stray light hitting the detector from the explosion 
luminosity. Third, since the windows on the side of the chamber facing the detector array were 
only 1in in diameter, much of the light was spatially blocked from escaping toward the detectors. 
Finally, the 4in quartz window that on the exit side of the chamber was fitted with a black foam 
board mask which had only small holes for the passage of the laser beams, which also served to 
further spatially isolate the laser beams from broadband emission from the fireball.  
Attenuation length versus time for the 125mg charges is displayed for each wavelength in 
time-resolved plots for each high explosive composition studied. Attenuation length versus time 
for the two 250mg high explosive charges is displayed for each laser wavelength studied. Plots of 
attenuation length versus time begin at approximately 30𝜇𝜇𝜇𝜇 after initiation due to electrical 
interference on the detectors. No meaningful data is lost in this time, however, since the fireball 
takes 25-30𝜇𝜇𝜇𝜇 to reach the interrogation point in the blast chamber. In-figure zooms show the first 
500𝜇𝜇𝜇𝜇 post-initiation of the high explosive charge. Optical depth and attenuation length were 
35 
 
calculated according to (2) and (3). An attenuation length of 1cm, for example, means light can 
only travel 1cm through a scattering and absorbing medium until the intensity of light drops to 1/e, 
or 37%, of its original value.  
3.1: 125mg Explosive Charges 
 Figure 29 through Figure 33 show the attenuation length versus time for 405nm, 532nm, 
650nm, 1310nm and 9600nm laser light for 125mg high explosive charges of PETN, PBXN-5, 
RDX, aluminized RDX and Primasheet 1000.  
 




Figure 30: 532nm laser attenuation length as a function of time for 125mg charges. 
 








Figure 33: 9600nm laser attenuation length as a function of time for 125mg charges. Note 
change in axis scaling. 
 One of the most important observations from these data is that for the entire explosive 
event, for visible through near-infrared wavelengths, the attenuation lengths were shorter than the 
fireball diameter. The long-wave infrared laser attenuation peaks close to 500𝜇𝜇𝜇𝜇 where it was 
approximately equal to the fireball diameter. But, the attenuation length was nearly 50% longer 
subsequently for this explosive mass. This implies that optical depth effects on optical 
measurements of explosive fireballs made in the visible or near-infrared region will have a 
significant effect on the data. Measurements made in the long-wave infrared will be less impacted 
after the first 500𝜇𝜇𝜇𝜇, and will appear much less opaque thereafter. Peuker et al. studied the early-
time attenuation of 532nm laser light in aluminized RDX charges up to 160𝜇𝜇𝜇𝜇 after initiation, 
citing attenuation lengths up to several centimeters for the first 100𝜇𝜇𝜇𝜇 and tens of centimeters near 
the end of the sampling window [20]. Our data correlate well with the results of Peuker et al., but 
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the events measured herein appeared optically denser after 100𝜇𝜇𝜇𝜇 relative to their data. Peuker et 
al.’s experimental setup was unconfined, allowing for further expansion and thinning of post-
detonation gases, and furthermore a variation in optical density was noted in their study.  
 Approximately 1ms after initiation a decrease in optical density is shown. This increase in 
attenuation length is likely due to the relative measurement location with respect to fireball center 
as time evolved. As the fireball volume grows and flows upwards toward the top of the blast 
chamber the probe location relative to the fireball centroid changes, and hence could lead to 
temporal fluctuations in attenuation lengths due to spatial variations in opacity. After the fireball 
luminosity subsides around 2-3ms after initiation, attenuation lengths decreased steadily as the 
fireball combustion products filled the chamber. The deposition of combustion products on the 
chamber windows during this time could be an attributing factor in this observed decrease in 
attenuation length.  
 PETN maintained the longest attenuation lengths among tested high explosives after the 
initial period of high reactivity and optical density. Peak attenuation lengths were nearly 10cm for 
the visible through near infrared wavelengths, while the long-wave infrared attenuation length 
peaked at approximately 60cm. PETN has an oxygen balance of -10.21%, which indicates is has a 
greater ability to self-oxidize and burn completely relative to the other explosives studied. Burning 
more completely decreases the amount of soot and particulate that tends to scatter and absorb laser 
light. Subsequent to the luminous phase of the fireball, PETN had approximately equivalent 
attenuation length compared to RDX and PBXN-5 during the same timeframe. 
 The HMX-dominant PBXN-5 attenuation length was shorter than the PETN, but longer 
relative to RDX, despite having equivalent oxygen balance. PBXN-5 attenuation lengths were 
typically several centimeters longer than RDX during the initial reactive phase of the fireball. 
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Afterwards, RDX presented longer attenuation lengths in the visible through near-infrared, albeit 
modestly. In the long-wave infrared, attenuation lengths for PBXN-5 were nearly equivalent to 
RDX for the first 1ms after initiation before surpassing RDX for the remainder of the data 
collection. The difference is attenuation length between PBXN-5 and RDX was nearly 10cm in 
the long-wave infrared during this timeframe, which, for this scale of explosive charge, is 
considerable. This observed difference is likely attributable to the amounts of binder, and chemical 
composition of the binder. PBXN-5 has 5% fluoroelastomer binder whereas PBX-9407, our RDX 
compound, has 6% FPC 461 binder [31]. Since the marked difference shows up much later in time, 
after the fireball has reached the final volume and has begun to cool, the explanation is presumed 
to be differences in final combustion products (e.g. more condensed phase particulate, in addition 
to soot). RDX, despite having equivalent oxygen balance, has less oxygen atoms in total, meaning 
the detonation products will likely contain less oxygen-containing combustion radicals and 
products, which could drive the Phase II reactions more fuel-rich compared to the HMX Phase II 
reactions. In the more fuel-rich combustion, the conversion of carbon atoms could increasingly 
favor 𝐶𝐶2 production over 𝐶𝐶𝑂𝑂2. The binder chemical composition could also cause the effective 
oxygen balance of the explosive to be more negative, making the detonation products even more 
fuel-rich.   
 The aluminization of RDX decreases the attenuation length relative to neat RDX by several 
centimeters. Despite this, the attenuation length of the aluminized RDX composition was the 
longest among tested explosives at early time. Still, after this period the attenuation length was 
among the shortest. Comparing the relative attenuation lengths between RDX and the aluminized 
RDX composition shows that metallizing high explosives has a significant impact on the optical 
properties of the post-detonation fireball. 
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 Primasheet 1000 was the optically densest post-detonation fireball tested. The attenuation 
lengths were the shortest relative to those of the other explosives investigated. Due to the high 
relative composition of plasticizer and binder, Primasheet 1000 produced large amounts of soot 
when it detonated and attenuated the laser beams substantially. The soot produced by the 
Primasheet 1000 was evidenced by the thick black soot deposits in the chamber after testing. 
Attenuation lengths were a factor of 2-3 shorter than neat PETN, the base high explosive in 
Primasheet 1000, indicating that the addition of plasticizer to explosive compositions impacts the 
optical properties of the explosive fireball and subsequent post-combustion products significantly.  
3.2: 250mg Explosive Charges 
 Two 125mg explosive pellets were stacked and bonded with cyanoacrylate to form the 
250mg explosive charges. The second charge size was studied in attempt to illustrate how optical 
depth scales with increased charge mass to chamber volume ratio. Figure 34 and Figure 35 show 








Figure 35: Attenuation length as a function of time for a 250mg PETN charge. 
 Comparing the attenuation length for the 125mg and 250mg charges, it is clear that the 
doubling of the charge mass modestly decreases the attenuation length of the fireball. Figure 36 
through Figure 40 directly compare the attenuation lengths for 125mg and 250mg RDX charges. 
As explosive mass is increased, the detonation pressure and temperature will remain constant 
despite an increase in overall energy release. Thus, the composition of the post-detonation 
combustion gases that fuel the fireball is not expected to deviate dramatically as explosive charge 
mass is scaled from milligram to gram scale, but the overall product concentration will change for 
chambered detonations. The product concentration doubles for the 250mg charges relative to 
125mg charges, and there is a modest decrease in attenuation length as a direct result.  Particularly 
at the later time, after the fireball has expanded to the chamber volume, there is an average 
difference in attenuation length of 3-5cm, which is not a negligible difference for the path lengths 
and fireball diameters studied in this research. The fireball dynamics will change when scaling up, 
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increasing the temporal effects from a line-of-sight measurement within an evolving reacting flow. 
Additionally, the fireball diameter increases with charge mass, so for a given attenuation length, 
the ratio of attenuation length to fireball diameter decreases, implying that measurements are 
decreasingly characteristic of the entire fireball.  
 




Figure 37: Comparison between 125mg and 250mg 532nm attenuation length for RDX. 
 




Figure 39: Comparison between 125mg and 250mg 1310nm attenuation length for RDX. 
 
Figure 40: Comparison between 125mg and 250mg 9600nm attenuation length for RDX. Note 




3.3: Theoretical Fireball Blast Scaling 
 Fireball scaling with explosive charge mass was employed to generalize the results 
presented. In our experiments, the fireball growth is limited by the chamber volume. Thus, by 
estimated the time for the fireball to fill the chamber, we can provide an estimate for the temporal 
range over which our results can be generalized to unconfined systems. Theoretical fireball 
diameter was calculated as a function of time using the relation [34]:  





Where the fireball diameter (𝐷𝐷) is in meters, the mass (𝑀𝑀) of fuel in kilograms, and time (𝑡𝑡) is in 
seconds. C is a constant of proportionality which can be determined by setting 𝐷𝐷(𝑡𝑡) equal to the 
maximum fireball diameter and t equal to the time at which the maximum occurs. Using relations 
for maximum fireball diameter [35] and burn time [5]:  
(5) 𝑑𝑑 = 3.30 𝑀𝑀0.341  
(6) 𝑡𝑡𝑐𝑐 = 0.074 𝑀𝑀1/3  
The equation becomes:  








Figure 41: Scaled theoretical fireball volume as a function of time. Chamber volume to charge 
mass ratios are plotted for both 125mg and 250mg charges. Intersection locations indicate the 
time at which the fireball fills the chamber volume. 
From Figure 41 it can be concluded that the in-fireball time scale for the 125mg charge is 
0-3ms, while the in-fireball time scale for the 250mg charges is 0-2ms. During these timeframes 
the estimated unconfined fireball diameter is less than the chamber volume, and hence the local 
product concentrations are assumed to be roughly equivalent to as an unconfined system. After 
these times, since the post-combustion gases are not allowed to expand beyond the chamber, the 
product concentrations are higher than for unconfined fireballs, and attenuation lengths are 
expected to be longer in unconfined explosions. 
Attenuation length will be constant for any volume of medium, provided that the linear 
density of the medium is constant. As the fireball expands, the linear density changes with the 
expansion, so the expected attenuation length for scaled up fireballs should be on the same order 
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as the lengths presented herein. That is, until the fireball volume would be greater than the chamber 
volume in an unconfined system. It is worth noting that even though the fireball increases in size, 
the estimated attenuation length remains roughly the same, as seen when comparing the 125mg 
and 250mg charges. This in an important finding, since the probe length in a sufficiently large 
fireball could be only a very small fraction of the total diameter. This effect has the potential to 
generate inaccurate scientific conclusions regarding interpretations of temperature, species and 
concentration measurements with line-of-sight diagnostics on optically dense explosive fireballs. 
3.4: Wavelength Dependence 
 Comparing the attenuation length scales among high explosives for each wavelength 
reveals a spectral dependence on attenuation through explosive fireballs. Near-infrared and long-
wave infrared laser light is attenuated significantly less compared to the visible laser light. Long-
wave infrared attenuation length was greater than 10cm for each high explosive tested after 
approximately 500𝜇𝜇𝜇𝜇. Near-infrared attenuation length was greater than 5cm for the majority of 
tests. Laser attenuation length increased as wavelength increased, trending with predictions from 
Rayleigh scattering, but the observed spectral dependence was weaker than the 𝜆𝜆−4 dependence 
predicted by scattering alone. This subdued spectral dependence indicates there is simultaneous 
absorption in addition to single scattering and, perhaps, multiple scattering. To explain the spectral 
dependence presented in the fireballs, a look into the fireball chemistry is required. Post-detonation 
fireballs are extremely complex multiphase flows with large amounts of both gas and condensed 
phase species. The gas phase species will likely not contribute much to the absorption of the 
specific lasers employed in this experiment and will mainly interact with the laser beams by 
scattering, typically in the Rayleigh limit of small scattering diameter. However, polycyclic 
aromatic hydrocarbons (PAH), as well as other polyatomic absorbers, will absorb light effectively 
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continuously across the electromagnetic spectrum. The condensed phase species (e.g. soot) will 
scattering and absorb the incident light, which has been extensively studied in common 
combustion scenarios. 
 In hydrocarbon systems, the condensed phase species are predominantly carbonaceous 
particles produced by incomplete oxidation. Reactions between small radicals and larger 
hydrocarbon radicals produce PAH, which are a known soot precursor. PAHs combine to form 
nascent primary soot particles with characteristic diameters in the 10-50nm range. As soot matures, 
primary particles grow by surface addition, aggregation (strongly bound primary particles), and 
agglomeration (loosely bound primary particles) to form lacey soot, sometimes referred to a fractal 
soot, and compact soot particles of characteristic sizes of 100s of nanometers [21], [36]. Mature 
soot, even in simplified combustion systems, typically grow to be outside the Rayleigh limit, so 
spectral absorption and scattering by soot particles must be studied and determined empirically. 
Figure 42 shows TEM scans of lacey and compact soot taken from [21]. Figure 43 shows 
qualitatively the phases of soot growth in a simple diffusion flame taken from [36]. 
 




Figure 43: Graphic describing soot formation in a simple combustion system. From [36]. 
 Studies have shown that soot morphology, chemical composition, maturity, and soot mass 
or volume fraction affect absorption and scattering properties in flames. Radney et al. found that 
absorption cross-sections were mostly consistent between compact and lacey soot, but the 
extinction cross-section (absorption with scattering) was 33% larger for compact soot compared 
to lacey soot of equivalent effective diameter [21]. This indicates that single scattering is still 
strongly dependent on particle shape. Additionally, they showed that the extinction cross-section 
was more sensitive to soot mass fraction than the absorption cross-section, indicating that for larger 
volume fractions of soot, scattering plays a more dominant role in the extinction of radiation [21]. 
A widely cited study by Dalzell and Sarofim found that hydrogen to carbon ratios in soot particles 
had significant impact on the scattering and absorption behaviors, concluding an inversely 
proportional relationship between H/C ratio and scattering and absorption propensity [37].  
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Despite the large number of convolved factors that affect the amount of extinction, the 
spectral dependence of extinction decays nearly monotonically for most combustion systems for 
wavelengths greater than 300nm. Below 300nm, increased absorption occurs in graphitic phases 
of carbon due to 𝜋𝜋 − 𝜋𝜋∗ transitions and plasmon resonance [38]. A typical power-law fit of 𝐾𝐾𝜆𝜆 =
𝐴𝐴 𝜆𝜆−𝛽𝛽, where 𝐴𝐴 is a fit parameter, which has no wavelength dependence, and 𝛽𝛽 is a wavelength 
dependent fit parameter, predicts the wavelength dependence of extinction through aerosolized 
soot with reasonable accuracy. Values of 𝛽𝛽 are nominally 1 within the Rayleigh limit, although 
soot measurements from combustion systems have been seen to deviate modestly, indicating that 
the power-law fit parameters must be found empirically for unique systems and are not directly 
applicable to every combustion system.  
Explosive systems differ from the typical combustion scenarios, of which soot has be 
studied extensively, in that there are two distinct combustion reactions. First, the rapid detonation 
of the explosive followed by the combustion of the fuel-rich detonation products that produce a 
long-lived fireball. The time-scales, temperatures, and pressures involved in the detonation 
significantly changes the characteristics of the soot produced from the detonation [22], [23], [39], 
[40]. The soot formed in the subsequent fireball are expected to be quite like soot found in fuel-
rich combustion system that have been studied extensively. The two-phase reaction is expected to 
generate different compositions, morphologies, and amounts of soot [36], [40]. 
Several studies have investigated soot formed from explosive detonation, finding that there 
are both chemical and morphological differences compared to soot formed in conventional 
combustion systems [22], [23], [39], [40]. Pantea et al. discovered that the soot produced by 
explosive detonation had more nitrogen than carbon, compared to reference soot samples, 
implying that the explosive type will impact the chemical makeup of the soot and limit the 
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application of hydrocarbon combustion soot properties to detonation systems [22]. Furthermore, 
they proposed that the high temperatures and pressures present in the detonation favor the 
formation of diamond in the soot. This implies that energetic performance of the explosive charge 
will change the soot composition. Chen et al. varied both explosive composition and ambient gas 
environment, and found that the soot chemical composition, soot mass produced, ultrafine 
diamond produced, grain size and microstrain was affected [23]. Greiner et al. found that the 
detonation of mixtures of TNT and RDX yielded diamond spheroids and graphitic ribbons [39], 
while Chen et al. observed these in several of their experimental conditions [23].  
The large differences in soot produced by explosive detonation prohibits the application of 
the optical behavior of soot produced in hydrocarbon systems to detonative systems [22]. 
Furthermore, since explosive type and ambient environment both affect the soot characteristics, 
detailed study of soot optical properties from soot produced in detonative systems must be studied 
uniquely to be accurately used in radiative transport calculations and modeling. Figure 44 shows 
SEM images of soot collected from detonation next to soot collected from diesel fuel combustion 
[22]. Morphological differences are abundant between the two soot samples. Nevertheless, the 
results here suggest that the trends are more consistent with absorption and scattering than 




Figure 44: SEM images of soot samples from (Left) Composition B (39.5% TNT 59.5% RDX) 
detonation and (Right) diesel combustion. Taken from [22]. 
 In the present study, significant laser absorption is apparent by the monotonic dependence 
on wavelength. But, due to experimental limitations (e.g. line-of-sight measurements, laser beam 
shielding [41]), power-law fits to the data might not be rigorously predictive, but rather will be a 
first order estimate for the wavelength dependence in post-detonation fireballs. Future experiments 
will need to be designed to investigate the post-detonation fireball absorption, scattering and 
overall extinction. A more predictive model for attenuation can be developed with the optical 
properties of the detonation soot by employing methods presented in several of the papers 
referenced above. Despite the overwhelming amount of research on optical properties of soot from 
conventional hydrocarbon systems, a comparative lack of knowledge of optical properties of soot 
form detonative system persists. Parameters like explosive type, soot mass, growth kinetics and 
pathways, chemical composition and morphology on optical properties will help define the 
attenuation behavior that is presented in the present study, but also emission characteristics, 




Figure 45: Mean attenuation lengths of each wavelength for all tested explosives. 
 The explosive trends of optical attenuation length are perhaps best summarized by the time-
averaged attenuation length. It is clearly visible in Figure 45 that there is some spectral dependence 
on attenuation and explosive dependence. Primasheet 1000 presented substantially shorter 
attenuation lengths relative to its constituents. The impacts of aluminization are shown by the 
suppression of attenuation length compared to neat RDX. PBXN-5 and PETN showed even longer 
attenuation lengths compared to the other explosive compositions studied. Long-wave infrared 
attenuation lengths were between a factor of 2.5-3 longer relative to near-infrared and visible 
wavelengths. Employing optical diagnostics in the long-wave infrared region could produce higher 




3.5: Repeatability of Data 
 Mean attenuation length was calculated for six RDX shots to show the reproducibility of 
the data. Error bars represent the standard error of measurement for n=6. The small standard error 
suggest that the data are fairly repeatable and attenuation length scales do not drift much shot-to-
shot. The difference in standard error between wavelengths is likely attributed to the signal-to-
noise ratio for each laser-detector pair. Additionally, beam chopping by large debris in the flow is 
not replicable or controllable between shots, and likely adds a small amount of uncertainty in 
measurement.  
 




CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 
 
4.1: Summary of Results 
 Temporally and spectrally resolved optical depth measurements were made in post-
detonation high explosive fireballs from five common high explosives. 125mg charges of PETN, 
RDX, 20% Al/80% RDX, PBXN-5 and Primasheet 1000, and 250mg charges of PETN and RDX 
were investigated. Three visible wavelengths – 405nm, 532nm, and 650nm – one near infrared 
wavelength – 1310nm – and one long-wave infrared wavelength – 9600nm – lasers were used to 
measure attenuation through the fireballs for the first 5ms after initiation. Trends in optical depth 
between high explosives and the spectral dependence were shown.  
 Primasheet 1000 was the optically densest fireball studied, with an 8cm attenuation length 
in the long-wave infrared and 4cm in the near-infrared and visible regime. PETN was the least 
opaque fireball, with a mean attenuation length of 14cm in the long-wave infrared and between 4-
6cm in the visible and near-infrared. The aluminization of RDX increased the optical density 
compared to the neat RDX, likely due to the enhanced and prolonged combustion effects caused 
by the aluminum particles inside the fireball. PBXN-5 had modestly longer attenuation lengths 
relative to RDX and the aluminized RDX, despite having equivalent oxygen balance for the base 
explosives. 
 The long-wave infrared laser attenuation length was significantly longer compared to the 
visible and near-infrared lasers, sometimes by a factor of 2.5-3-fold. The attenuation lengths of the 
visible and near-infrared wavelengths were shorter than the fireball diameter for the entire 
explosive event. The long-wave laser light was attenuated much less, and the attenuation lengths 
were typically longer than the fireball diameter for the majority of the luminous portion of the 
event. Prior to approximately 500𝜇𝜇𝜇𝜇, the attenuation length was nearly equivalent to the fireball 
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diameter. The laser attenuation scaled approximately as 𝜆𝜆−1, but the scaling should not be taken 
as rigorously predictive since every combustion scenario generates a different profile of condensed 
phase products that will influence the optical properties of the fireball.  
 The attenuation lengths presented herein are not specific to any charge size for the time 
period up until the fireball volume reaches the chamber volume. Afterward, the effect of the 
chamber becomes non-negligible and the attenuation lengths will not be consistent with those of 
unconfined detonations. As charge mass is scaled up, the diameter of the resulting fireball 
increases, and hence the measurement fraction of the fireball decreases with constant attenuation 
length. Fireballs from gram-scale and larger explosive charges, typically the scales that are of most 
interest, the attenuation lengths are likely much smaller than the fireball diameters for wavelengths 
of interest to the combustion community. 
4.2: Recommendations for Future Studies 
1. A more detailed study on the relative amounts of scattering and absorption in explosive fireballs. 
A common setup in simplified combustion systems is to have off-axis detectors monitoring the 
amount of scattered light as a function of time. Assuming one can reject strongly the luminosity 
of the fireball, one could directly determine the fraction of light scattered relative to absorbed. This 
would also alleviate detrimental effects from beam shielding and line-of-sight monitoring. 
Different explosives could conceivably be tested rigorously to determine scattering and absorption 
cross sections at a variety of wavelengths of interest.  




Soot chemical composition, physical morphology and size distribution would aid in the modeling 
and general understanding of radiative transport within explosive fireballs. There is an impressive 
amount of literature looking into these characteristics in hydrocarbon systems, yet there is 
surprisingly little on the soot generated from detonations. A comprehensive study of soot generated 
from detonations and subsequent fireballs from different high explosives would push the current 
understanding of how optical properties in detonative systems differ from non-detonative systems.  
3. Full investigation into the effects of aluminization of an explosive, with specific emphasis on 
how the additive changes the fireball optical properties. 
It has been shown in the current work that the aluminization of an explosive compound increases 
the optical density of the fireball. The reason for this observed increase in optical density is not 
fully understood. A study of the fireball thermodynamics and chemical kinetics would shed some 
light into possible explanations for the apparent increase in optical density. What chemical 
pathways and products are created from the reacting aluminum in the fireball, and how do they 
impact the optical properties of the fireball? The answers to these questions could help better 
understand optical depth in general and also the enhanced blast effects of adding reactive material 
in an explosive system.  
4. Investigation of attenuation lengths on larger, unconfined blasts to map the entire temporal range 
of the explosion phases. 
The data presented herein shows the attenuation length for chambered explosions, which only 
provides ubiquitous data for up to 3ms, afterwards the data is unique to chambered explosions. 
Free-field explosions could help elucidate the attenuation lengths on a much longer temporal scale, 
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